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Introduction
The emergence of ultrathin oxide layers has recently led to breakthroughs in catalysis for energy, notably the efficiency and durability of catalytic components, more facile methods for combining catalysts with electron sources and light absorbers, or coupling incompatible reaction environments that enables systems integration on the nanoscale. Prominent examples among these are nanoscale titania protection layers of semiconductor photoanodes for water oxidation that dramatically increase their stability, [1] [2] [3] [4] opening up the utilization of corrosion-prone III-V semiconductor materials thereby enabling the development of high efficiency solar water splitters. [3, 4] Chromia, silica, or nickel oxide nanolayers for encapsulating noble metal catalyst particles were introduced for enhancing the efficiency of hydrogen evolution by blocking O2 and undesirable metal ion access to the catalyst surface, suppressing back reaction and catalyst poisoning. [5] [6] [7] [8] [9] The proton and hydrogen atom permeability of silica nanolayers was exploited for electroreduction at metal catalysts separated from n-Si electrode by an ultrathin SiO2 protection layer [10] (orders of magnitude thicker silica films, or amorphous silica-based double oxides, are used as H + conducting membranes in intermediate temperature fuel cells). [11, 12] Ultrathin transition metal oxide co-catalyst layers such as Co oxide on semiconductor photoelectrodes improved charge transfer between light absorber and catalyst as well as water oxidation activity. [13] For systems using molecular components anchored on electrode surfaces, embedding in ultrathin alumina or titania layers led to remarkable improvement of the durability of surface attachment of the organic components while facilitating the coupling among them by obviating the need for molecularly defined linkages. [14, 15] Ultrathin oxide layers enable us to address the challenge of nanoscale integration of incompatible catalytic environments such as those of water oxidation and carbon dioxide 4 reduction for the first time through their separation by a membrane on this shortest possible length scale while maintaining their electronic and protonic communication. To this end, we have recently introduced ultrathin silica layers with embedded molecular wires as gas impermeable, charge and proton conducting membranes. [16, 17] Controlled charge transport across ultrathin insulating silica membranes was achieved by embedded molecular wires (poligo(phenylene vinylene)), which were characterized by short circuit photoelectrochemical and ultrafast optical measurements. [18] [19] [20] [21] [22] [23] Such a functional silica nanomembrane separating incompatible inorganic and microbial environments was demonstrated. [18] Proton transport and gas permeability properties based on cyclic voltammetry (CV) measurements have recently been reported for single oxide nanolayers such as ultrathin silica prepared by atomic layer deposition [18, 24] or ozone treatment of spin-cast Si precursor, [7] or for chromia nanolayers prepared by solution-based photo-or electrodeposition methods. [25] However, the development of functional nanoscale systems typically requires integration of ultrathin structures with higher degree of complexity. For example, nanoscale artificial photosynthetic systems require incorporation of catalytic function and chemical separation. This poses the challenge of delivering charges and protons across multiple adjoined layers and associated interfaces while at the same time preventing undesired crossover of chemical species.
Here, we investigate H + conductivity and O2 impermeability of multi-oxide stacked nanolayers and find that ultrathin silica membranes introduce interfacial properties which enhance proton transport while enabling complete blocking of oxygen. The corresponding proton and oxygen transport properties of the multi-oxide nanolayers were analyzed by the complementary implementation of Fourier-transform infrared reflection absorption spectroscopy (FT-IRRAS), CV, and electrochemical impedance spectroscopy (EIS). For the purpose of artificial photosystems, they exceeded the requirements for fully harnessing maximum solar-photon flux under any systems geometry.
Results
Using a planar Pt film (100 nm) on Si wafer support as electrode and as reflective surface for infrared probing, Pt-H absorbance growth via H under-potential deposition (H + + Pt → Pt-H, commonly referred to as Hupd) [7] was observed by FT-IRRAS. H + flux through single SiO2, Co3O4, and TiO2 nanolayers, and multiple stacked layers (cartoon Figure S1 ) was quantitatively monitored by EIS, while O2 permeation behavior was characterized by cyclic voltammetry (CV).
Structural Characterization of Oxide Nanolayers and Interfaces by FT-IRRAS
The FT-IRRAS method provides the most detailed structural characterization of planar nanoscale oxide layers and interfaces because of its high surface sensitivity due to the electric field enhancement of perpendicularly polarized infrared modes, the ability to monitor signals from amorphous and crystalline phases alike, and to probe interfacial chemical bonds. The p-polarized FT-IRRAS of 2 nm SiO2 samples reveals a characteristic, intense absorption of the longitudinal optic (LO) asymmetric SiOSi stretch mode at 1236 cm -1 with a shoulder at 1150 cm -1 (in-and out-of-phase motion of two adjacent O atoms with respect to the center Si atom) [26] [27] [28] [29] [30] shown in Figure 1(a) . Interestingly, the corresponding transverse optic (TO) asymmetric ν(SiOSi) mode of amorphous silica wafers with a sharp peak at 1080 cm -1 is not observed because this mode cannot absorb p-polarized light. [31] Aside from the symmetric SiOSi mode at 820 cm -1 and an extremely weak band of the OH stretch mode of isolated SiOH groups at 3747 cm -1 that was observed for some samples, no other infrared bands are detected in the region 4000 -600 cm -1 , which confirms that the SiO2 layers are free of organic impurities. Specifically, no bands of CH stretch modes in the 3000-2800 cm -1 region, characteristic of N(CH3)2 fragments of incompletely converted 3DMAS precursor molecules, were detected. [28] Importantly, we found a linear relationship between the 1236 cm -1 LO SiOSi band intensity and the ALD layer thickness as measured by the number of ALD cycles. Comparison with thicknesses measured for the same samples by ellipsometry allowed us to assign silica layer thickness based on the observed 1236 cm -1 absorption intensity.
The FT-IRRAS of a 3.5 nm ALD grown of Co oxide layers reveals CoO stretch absorption peaks at 675 and 592 cm -1 , shown in Figure 1(b) . These bands, including relative intensity, are characteristic of ultrathin layers of Co3O4 (spinel) structure [32] and readily distinguished from other Co oxide structures, specifically CoO, [32, 33] Co(O)OH, [33] and Co2O3. [34] In particular, the single sharp bands of the latter three structures in the region 510 to 590 cm -1 are not observed. We conclude that Co3O4 is the dominant phase of the ultrathin Co oxide film prepared by ALD. In contrast to conformal SiO2 layers, ALD-grown Co3O4, while uniform, is 7 known to possess nanogranular morphology [22, 35] composed of 3-5 nm diameter crystals as manifested by AFM and STEM-EDX (Co) analysis reported of the previous work. [22] As Figure 1(c) displays, the 10 nm TiO2 ALD layer features a broad band with maximum at 870 cm -1 assigned to the TiOTi LO mode of anatase structure. [36] [37] [38] [39] For TiO2 (10 nm)/SiO2 (2 nm)/Co3O4 (3.5 nm), an absorption is observed 940 cm -1 (Figure 2(b) ) that is not present in the spectrum of bare TiO2. The new band, assigned to the Si-O-Ti stretch mode, [36, 40] overlaps with ν(TiOTi) of the TiO2 layer at 870 cm -1 and is therefore more clearly seen when subtracting the TiO2 trace (Figure 1(c) ) from the spectrum of these modes is ruled out because no SiOH stretch absorption was noted for this sample. Hence, we conclude that the stacked ALD layers of Co3O4, SiO2, and TiO2 form readily observed covalent bonds across the interfaces.
Monitoring Proton Flux across SiO2 Nanolayers via H Underpotential Deposition by

FT-IRRAS and EIS, and O2 Impermeability by CV
As the top traces of Figure 3 (a) and 3(b)), also consistent with literature. [41, 42] Underpotential deposition was conducted using the Pt/SiO2 (6 nm) sample as a working electrode in the standard three-electrode cell configuration containing N2 purged aqueous electrolyte at pH 4 (pD 4).
Exposure of the Pt/SiO2 sample to oxygen was prevented during Hupd (verified by the absence of an oxygen reduction wave), followed by Ar flow drying and air-tight transfer to N2-purged FT-IR spectrometer sample compartment. As the IRRAS overview spectrum in Figure 3 
FT-IRRAS results of identical H(D)upd experiments using bare Pt, shown in Figures 3(d)
and 3(e), respectively, gave the same Pt-H and Pt-D bands as the Pt/SiO2 samples. The distinct difference between Hupd using bare Pt and ultrathin SiO2 covered Pt is that water molecule reduction instead of H + reduction predominantly occurs at bare Pt electrodes in pH 4 solution, [43] while protons are exclusively reduced at the Pt/SiO2 interface. The curve closely resembles that of bare Pt (black trace), but exhibits somewhat larger cathodic current (CV waves for different scan rates (25, 50, 100 mV s -1 ) confirmed the expected linear increase of the Hupd current with increasing scan rate). [44] It should be noted that the typical sharp Hupd peaks observed for CV curves are absent for bare Pt and the 2 nm silica samples, but pronounced for 4 nm and 6 nm silica coating. While this phenomenon was reported by others, 7 including the absence for bare Pt contrasting with distinct peaks upon deposition of SiO2 nanolayers as observed in Figure 4 (a), [45] we identified as cause in our case here the specific preparation method of the Pt layer; CV curves of Pt samples prepared by substrate rotation during e-beam evaporation did not show peaks, while CV curves of Pt samples prepared without rotating the substrate during evaporation did exhibit distinct H deposition peaks, as shown in Figure S2 . The observed substrate rotation effect most probably reflects different Pt crystal facets exposed at the surface. 12 CV sweeps with the same Pt/SiO2 WEs in O2 bubbled electrolyte solution showed only the Hupd signal without O2 reduction wave compared to bare Pt (Figure 4(b) ). The measurements reveal that the ALD-grown, pinhole-free layer (≥ 2 nm) completely blocks O2.
Accurate proton flux measurements require the use of EIS which, as an AC method, reports the rates of ion species transport and reaction close to equilibrium. [44] EIS was carried out at a potential of 0.096 V vs. RHE appropriate for Hupd. Figure 4 (c) presents Nyquist plots for 2, 4, and 6 nm SiO2 ALD layers with the equivalent electrical circuit used for numerical data analysis. X and y axes represent the real and imaginary part (negative value) of the measured impedance, respectively. Since EIS data were measured using the three-electrode cell configuration, the arc region of the Nyquist plot represents charge transfer resistance, while the linear region represents mass transfer impedance across the SiO2 coated Pt electrode. According to the IRRAS results, the infrared growth of Pt-H by Hupd originates from the reduction of protons transported from the pH 4 electrolyte through the conformal amorphous SiO2 nanolayer to the Pt surface. Therefore, an appropriate equivalent circuit is required to quantify the influence of H + transport from the electrolyte to the Pt surface via the ultrathin SiO2 layer. [44] [45] [46] [47] We selected the generalized Randles circuit shown in Figure 4 (c) and Figure S3 where RS is the solution resistance, C the double layer capacitance at the Pt/SiO2 interface, RCT the charge transfer resistance across the interface, and ZW the mass transfer impedance (Warburg impedance) at the electrolyte/SiO2 interface. [44, 47, 48] Based on the equivalent circuit model, EIS data fitting was performed using ZView software. [49] As a result, ZW of 6.8 Ω was obtained for the 2 nm SiO2 sample. Given the applied voltage V = 1.1 V between working and counter electrode, a current I = V/ZW = 0.16 A is calculated, corresponding to a current density J of 0.24 A cm -2 (exposed surface area 0.68 cm 2 ) 13 and, hence, a H + flux of 15,000 s -1 nm -2 . Results including error bars for all samples examined are summarized in Table 1 .
The SiO2 thickness dependence of the measured H + flux follows quantitatively the expected dependence on the H + concentration gradient across the SiO2 layer as predicted by Fick's law, [44] with the flux decreasing from 2 nm to 6 nm layers ( Table 1) to 64 Ω at pH 5 corresponding to H + flux decrease by a factor of 10.7 + 4.0 (from 15,000 to 1,400 s -1 nm -2 ). The pH effect is in agreement with the proton gradient dependence according to Fick's law. The H + conductivity κ = l/(ZW x A) (l = SiO2 layer thickness, A = SiO2 surface area) of 3.8 x 10 -8 S cm -1 for pH 4 is in the same range as predicted for few μm thick SiO2 films at room temperature when extrapolating from measurements at 100 o C, [50] or for SiO2 glass measured at 40 o C. [51] These observations further validate the choice of the equivalent circuit and ZW as impedance parameter for determining the H + flux. CV sweeps for Pt/Co3O4 (3.5, 7, and 12 nm) electrodes were conducted under the identical conditions used for Pt/SiO2 electrodes. As Figure 5(a) shows, cathodic currents from 0.4 to 0.016 V in N2 saturated electrolyte are close to those obtained for bare Pt. Oxygen reduction currents in O2 bubbled electrolyte, while smaller than that of bare Pt, indicate substantial oxygen permeability through ALD-grown Co3O4 layers (Figure 5(b) ). As expected, the current decreases monotonously with increasing layer thickness. Proton conductivity for the three Co3O4 layers was evaluated by EIS using the same experimental conditions and analysis approach as the SiO2 case, with the resulting Nyquist plots shown in Figure 5(c) . The ZW impedance for proton diffusion across the 12 nm Co3O4 layer is 37.1 Ω. With an exposed surface of 0.64 cm 2 , we calculate a proton adsorption current density of 0.047 A cm -2 , corresponding to a H + flux of 2,900 s -1 nm -2 . The Co3O4 thickness impact on the H + flux summarized in Table 1 is consistent 15 with the proton gradient dependence predicted by Fick's law. The H + conductivity of Co3O4 nanolayers derived from the values presented in Table 1 is 5.2 x 10 -8 S cm -1 . Ultrathin titania layers exhibit proton conductivity but at much lower rates. For stacked SiO2 (2 nm)/Co3O4 (12 nm) layers, the observed high H + flux of 7,700 s -1 nm -2 obtained by EIS, compared with 2,900 s -1 nm -2 for bare Co3O4 (12 nm), reveals a flux enhancement of 2.6 + 0.7 by the added silica layer (Figure 7(c) and Table 1 ). A similarly strong H + flux increase is observed in the case of titania. Here, the flux of 2,700 H + s -1 nm -2 for TiO2 (5 nm)/SiO2 (2 nm) exceeds 830 s -1 nm -2 for a single 5 nm TiO2 layer by a factor of 3.3 + 1.4. Therefore, the ALD-grown ultrathin SiO2 enables fast proton delivery across multi-oxide stacked nanolayers. Figure 7 (c) and data summarized in Table 1 , ZW for triple layers Pt/TiO2 (5 nm)/SiO2 (2 nm)/Co3O4 (12 nm) is 46 Ω, corresponding to a proton flux of 2,400 s -1 nm -2 . The result confirms that the H + transfer enhancement effect for dual layer Co3O4/SiO2 and TiO2/SiO2 samples is preserved in a triple layer construct.
As shown by the Nyquist EIS plot in
Discussion
Ultrathin Silica Layer Facilitates Proton Transport across Solid-to-Solid Interfaces
Fluid mechanics analysis using the scheme visualized in Figure S3 and Fick's law (1), Einstein relation (2 and 3), expression for uniform electric field (4), and Arrhenius equation (5) [44, 52] T temperature (295 K for the experiments reported here), ∆V applied voltage between working and counter electrodes (-1.1 V), d average distance between the two electrodes (2 cm), R ideal gas constant, and Do(H + ) low-limit diffusion constant of SiO2 estimated to be 0.025 cm -2 s -1 . [52] ( + ) = − ( + ) dC( + ) dx ( 2 ) (1)
The calculated fluid mechanics parameters are summarized in Table 2 . According to the analysis, at 295 K, -1.1 V applied potential, and proton concentration corresponding to pH 4, an activation energy (Ea) around 5 kcal/mol is associated with proton hopping in the amorphous silica membrane. Protons move through the silica membrane at velocity Vd between 830 and 1100 nm s -1 , resulting in proton mobility μ of 1.5 x 10 10 to 2.0 x 10 10 nm 2 s -1 V -1 and thus, diffusivity (D) ranging from 4.0 x 10 8 to 5.0 x 10 8 nm 2 s -1 . The latter is in reasonable agreement with the theoretical value (MD simulation) of 1.7 x 10 8 nm 2 s -1 reported for amorphous SiO2. [53] The mechanism of proton diffusion through amorphous silica is currently understood as proton hopping whereby H + transiently binds/dissociates from oxygen atoms throughout the interior of the solid (Grotthuss mechanism). [53] [54] [55] These oxygen sites in the silica interior appear as Si-O-Si (siloxane) bridges, SiOH (silanol), and Si-O -(siloxy), all of which have been considered as participating in the hopping process. [53, 54] Two factors point to the dominant role of H + hopping along bridging oxygens of siloxane moieties. IRRAS data of ALD-grown silica layers show only very small, if any, Si-OH absorptions (Figure 3(c) ; the region above 3600 cm -1 is typical for non-H bonded SiOH, and a broad band between 3600 and 3000 cm -1 for H-bonded Si-OH). [56] Molecular dynamics calculations [53] indicate that H + hopping along strained Si-O-Si moieties featuring angles between 125 and 135 degree (unstrained: 150 degree) is competitive with fast H + hopping through liquid H2O; the interior of amorphous SiO2 has a wide range of Si-O-Si angles from 120
to 180 degree with a substantial density of such strained Si-O-Si bridges in the 125-135 degree range. [53] According to ab initio calculations, activation barriers for H + hopping among such strained Si-O-Si bridges could be as low as 5 kcal mol -1 .
[57] Therefore, we attribute the observed very low barrier for diffusion of H + through the silica layer to hopping along O centers of strained siloxane moieties, rather than hopping along Si-OH/Si-Osites, which is unlikely in our samples given the absence of a significant concentration of silanol groups, or involvement of protonic defect. [58] We propose that the proton hopping mechanism along the interfacial oxygen bridges is the origin of the large flux enhancement upon incorporating ultrathin SiO2 into multi-oxide stacked nanolayers, which is the main discovery of this work. Specifically, the three-fold 
Proton Transport and Chemical Separation Properties fit Requirements for Oxide
Nanowalls of Artificial Photosystems
The observed O2 permeability of the ALD-grown Co3O4 nanolayers ( Figure 5(b) ) is consistent with their nanogranular nature of the layers (uniform films of 3-5 nm particles), 22 providing grain boundary networks that offers diffusion paths for O2 as well as proton across the entire film. This obviates the need for H + hopping through the interior of Co3O4 crystals. Rather, a plausible mechanism is diffusion of H + along the grain boundary surfaces in the interior of the polycrystalline layer as previously found for proton transport across thin films of polycrystalline ceria or yttria-stabilized zirconia at low temperature. [59] [60] [61] [62] [63] The conductivity κ of ALD-grown nanogranular Co3O4 ALD layers of 3.8 x 10 -8 S cm -1 (pH 4) is close to previously reported room temperature values of 2 x 10 -8 S cm -1 for nanograin-sized yttria-stabilized zirconia layers. [60] The close values for these nanogranular layers having different chemical composition supports diffusion through grain boundaries since this mechanism is independent of the chemical nature of the nanoparticle interior.
In the case of ALD-grown TiO2 layers, infrared evidence indicates polycrystalline anatase structure. In contrast to Co3O4 nanolayers, the titania layer blocks permeation of O2 for thicknesses exceeding 2 nm ( Figure 6(b) ), implying that grain boundaries are not accessible for beyond 2 nm. We speculate that H + transport through the TiO2 layers occurs by hopping along TiO2 particle boundaries, with pathways diminishing beyond 2 nm. However, we cannot rule out the presence of a small percentage of amorphous TiO2 filling the spaces between grain boundaries because the signal-to-noise for detecting the corresponding infrared signal, a very broad band in the 600-700 cm -1 region, [38] may be inadequate. This leaves open the possibility of Grotthuss type H + hopping through the amorphous phase between grain boundaries, like the proposed mechanism for other group IVB metal oxides such as Zr. [64, 65] For layers thicker than 2 nm, this hopping path might become too long or no longer contiguous across the full depth of the layer, consistent with the observation that O2 transmission ceases for greater than 2 nm thickness as well.
The proton conductivity and oxygen permeability resulting from individual and the stacked ultrathin oxide layers perfectly fit the requirements for complete nanoscale artificial photosystems with built-in separation membrane. [16, 17] Our specific systems design for vapor phase CO2 photoreduction by H2O under membrane separation on the nanoscale consists of a square inch-sized array of Co3O4 (12 nm)/SiO2 (2 nm) core-shell nanotubes as shown in Figure   S4 . photons s -1 nm -2 ). [66] For maximum solar flux, the required proton flux from the inside of a core-shell nanotube to the outside can be estimated based on the tube geometry. At present, Co3O4/SiO2/TiO2 coreshell nanotubes fabricated in our lab feature 500 nm diameter and 5 μm length, with wall thickness of less than 20 nm. [16] Taking the square area of 2.5 x 10 5 nm 2 defined by the tube diameter as the footprint of the tube exposed to the sun, 3.75 x 10 8 photons s -1 nm -2 illuminate the nanotube. Therefore, the upper limit for the number of protons produced on the inside of the 
Experimental Section
Pt electrode Fabrication: 2 nm Ti adhesive layer and 100 nm of Pt (99.99%) were consecutively deposited by e-Beam evaporation (Semicore SC600 e-beam evaporator) at < 2 × 10 -6 Torr on Si wafers (prime grade p-type, Addison Engineering Inc.) precleaned by standard RCA procedure. Electrode Preparation: To make an ohmic contact on each electrode sample and expose only its target surface area of interest to electrolyte, silver paste and epoxy resin were used as in previous studies. [67, 68] First, each sample was gently scratched to expose about 2 × 2 mm 2 area of Pt.
Then copper wire was attached on the exposed Pt surface by applying conductive silver paint Prior to all CV measurements at scan rate of 50 mV s -1 under N2 saturation or O2 bubbling, 5 dummy cycles were first performed using the same parameters in order to stabilize the electrode sample and remove any adventitious impurities. [22, 24, 67, 68] After obtaining J-V plots of CV measurements, EIS Nyquist plots were obtained at -0.36 V vs. Ag/AgCl (0.096 V vs. RHE) applied voltage using a small amplitude of 5 mV in the frequency range 1 -10 5 Hz. [44] The applied potential on the WE with respect to the Pt wire counter electrode, which is needed for calculating the current density (proton flux) from the measured resistivity, was determined as - AFM: AFM (Atomic Force Microscopy) was carried out using a Bruker Dimension Icon operated with a Tap150Al-G probe in tapping mode. Surface roughness data were obtained and images were corrected with a freeware, Gwyddion. The surface roughness of Pt films covered by ultrathin ALD-grown layers of TiO2, SiO2, and Co3O4 are shown in Figure S5 . a) Thickness is determined by ellipsometry. Surface roughness in the form of AFM images is shown in Figure S5 . 
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Ultrathin amorphous silica sandwiched between metal oxide nanolayers substantially enhances proton transfer across the multi-oxide stack while blocking crossover of oxygen molecules. The boosting effect is attributed to proton hopping pathways enabled by covalent oxygen bridges across the solid-solid interfaces. The finding enables the integration of incompatible catalytic functions on the nanoscale, opening up an enormous design space for scaling up to macro-sized systems.
